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Abstract

The dwarfing of trees along the elevation gradiennountainous terrain has been attributed
to adverse climatic conditions, but the effect leége conditions on tree growth rates have
rarely been investigate@he aim of this research is to study the spatigbidity of the height and

of the annual shoot length of twRhododendrorspecies and to investigate its relation with the
duration of snow cover and the length of the grgnseasonTree height and annual shoot length
were measured for twdrRhododendronspecies Rhododendron campanulaturand R.
campylocarpum along altitudinal gradients near the treelineSiagarmatha National Park,
Nepal. The annual shoot length did not significadiiffer between N, E, S and W exposed
branches of individual plants. Site exposition leadignificant effect on variation of the
annual shoot length between plants. Linear regresvealed significant declines of both
tree height and annual shoot length with increaslagation. MODIS time series were used to
investigate whether snow cover duration (MOD10Ailyddata 2000 to 2007) and the length
of the growing season (16- day NDVI composite of M3Q1, 2000 to 2008) could explain
this decrease of annual shoot length. Annual slemgith did not relate to the number of days
with more than 10% or more than 50% of snow co8avitzky-Golay, double logistic
regression and asymmetric Gaussian functions haweide not reveal significant relation
between annual shoot length and length of the grpweieason. These results suggest that
factors other than duration of snow cover and émgth of the growing period influence the
growth rates of these tw®hododendrospecies.

Keywords: Khumbu Himal;treeline;Rhododendromsp.; annual shoot length; fractional snow
cover; growing season length, MODIS.
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IS THE GROWTH OF RHODODENDRON INFLUENCED BY DURATION OF SNOW COVER OR GROWING SEASON LENGTH?

1.Introduction

A reduction in tree size is commonly observed alaligudinal gradients in high altitude ecosystems.
This reduction reaches a certain limit in whicher@re no longer present and shrub forms of the sam
tree species or of new species dominate the lapdsddeing the major vegetation component,
different Rhododendrorspp. represents this phenomenon, termed as gedtirthe East Himalaya
mountain region.

Temperature decrease has been the most studiear fas$ociated to the reduction in size and
appearance of the treeline boundary (Kérner, 18@8ner & Paulsen, 2004). The interaction between
this morphological change and other factors, sugtsr@ow cover permanence and length of the
growing period, still remained largely unexploretihere is increasing scientific interest in
investigating such interactions; mainly becausthefpossible effects that climate change might have
on the structure and composition of mountain edesys (Gracet al, 2002).

This research explores the spatial variability odvgh in a mountain ecosystem and analyzes by
means of remote sensing how it is related to thatdhin of snow cover and the growing period.

1.1. Background

1.1.1. The treeline boundary

At high elevations, trees give way to dwarf shrulesming a line, which is commonly termed as
treeliné (Graceet al, 2002). The treeline is not a sharp boundanys & transitional and sometimes
very ragged zone. Ecological conditions changeicoatsly with elevation, therefore the treeline
represents a limit where this change is expresgdabebreplacement of dominant life forms by others
and changes in plant communities’ composition (8dtoff, 2005).

The characteristics of the treeline differ at abgloand local scale. Globally, the most important
factor that determines treeline is heat deficiefkGyrner, 1998; Gehrig-Faset al, 2008) which leads

to insufficient air and soil temperatures and ghwstduration of the growing season, which in turn
affects the survival of trees. However locally mdagtors combined determine the position and other
characteristics of the treeline, such as extrenmeatic events, snow and ice, soil properties, carbo

balance, topography etc., therefore its study ireexely complex (Holtmeier & Broll, 2005).

Because of the above (Schickhoff, 2005) argued ithist difficult to find a common pattern that
explains the structure, composition, appearancepasdion of treelines locally. Relations between
topography and climate, which determine snow peanee, solar radiation, length of growing period,
precipitation, ecology of the species, seed digpperbaracteristics and anthropogenic disturbances
interact to model this ecological boundary (Korri&98; Korner, 2003; Holtmeier & Broll, 2005).

! In this work, the definition for treeline proposed by Kar(998) is followed. He defines the treeline or
forestline as a rough line that connects the uppermacitggof forest within a given an altitudinal gradient.

1
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1.1.2. The Himalayan rhododendron forests at the treeline

In Nepal, the genu®khododendron(Ericacea@ consists of 32 species, which are woody plants
distributed throughout the montane and alpine zg§Neshiro & Suzuki, 2001; Bhattarai & Vetaas,
2003). The genus presents a number of tree antreseilike species, as well as shrubs (Noshiro &
Suzuki, 2001). SomBhododendrorspecies have a wide altitudinal distribution rangkile others
cover a very restricted distribution (Vetaas, 2002)

Rhododendrons are a major component of high a#titvehetation especially in the East Himalaya
Mountain Range (Vetaas, 2002). This area receimese influence of the tropical monsoon,
moisture levels are higher, allowing the developimafnevergreen forests of rhododendrons at the
uppermost forest limit (Shrestha, 1999). Rhododemsirare found not only at the treeline, different
species are present in a broad range of elevations.

In the East Himalaya Mountain range, vegetationcstire changes along the altitudinal gradient in a
very characteristic way (Fig 1.), that is assodamong other factors, to the exposure, rainfahgdw
and the land use (Miehe, 1989). At lower elevatioims the montane zone, tree forms of
Rhododendrons form the understoryBxtula utilis forests, which develops in north facing slopes,
and ofAbies spectabiliforest, which prefer south facing slopes. As adlé increases, rhododendrons
become the dominant group, along wiilmiperus spBetulaandAbies tend to disappear and pure
thickets of Rhododendrons form the canopy, creatingansition zone between the montane and
alpine ecosystems. At higher elevations, in theelodimit of the alpine zone, shrubs forms of
rhododendrons developed (Noshiro & Suzuki, 2001at&tnai & Vetaas, 2003; Mingyuan Faegal,
2004a)

Consequently, along the altitudinal gradient of East HimalayaRhododendrorspecies changed
from developing in a dense forest to grow as isalandividuals of smaller size (Schickhoff, 2005).
Rhododendrons species that have a wide altitudiaaje are exposed to a broad gradient of
environmental conditions and present the above ioremegetation pattern (Vetaas, 2002). Beside the
morphological changes, along the elevation gradidare is also a change in species composition
(Noshiro & Suzuki, 2001). However some species lipexl as trees in the montane forest and
gradually change into shrubs or dwarf forms uhigyt disappear in the upper alpine zone (Fig 1).

This characteristic morphological variation in rbdéndron trees, make them an appropriate group
for the study of growth along the altitudinal grawnl. As well as those interactions with the

environmental factors that might be determiningwgloand causing the observed morphological

variation.
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Fig. 1. Diagram of vegetation change along the treeBetula utilisor Abies spectabiliforest with
Rhdodendrorunderstory, montane zone (1), PRfeododendroffiorest near treeline(2), Shrubs at the
vegetation, alpinezone (3) (adapted from Pollmann d@&titand(2005)).

1.1.3. Characteristics of growth at high altitudes

High altitude evergreen vegetation, suchRéwdodendrorforests, present cycles, alternating periods
of growth and winter dormancy (Kérner, 2003). Thegipd of growth normally corresponds with the

melting of the snow, time in which the upper sakibons thaw. The winter dormancy starts when
freezing temperatures return in the fall. Evergreegetation goes through a period of dormancy,
because water and nutrient availability in the soifestricted due to freezing temperatures. During
this period growth processes are suspended, matadmbivity is reduced and resistance to frost and
desiccation is enhanced (Kimball et al., 2004).

Even though the beginning of growing period ocayrschronized with snow melting, snowmelt does
not necessarily trigger the beginning of the grayieriod. In fact, plants do not start produciegvn
tissues until the day light last the adequate amofitime (Tranquillini, 1964). Photoperiodism,as
weather independent control, but once a certaiesttuld photoperiod is passed, temperature and
snow permanence determines the growing progress1@62003). The end of the growing season is
coupled to the photoperiod in combination with temspure, since low temperatures affect
photosynthesis, water availability, gas exchangestomatal closure in plants (Sakai & Malla, 1981;
Gehrig-Faseét al, 2008).

Since several factors influence the length, stad end of the growing period, there is variation
between ecosystems (Churkietal, 2005). Latitude and elevation play a partial riol@letermining
growing season length (Kimbadk al, 2004). Topography and temperature are also irapbfactors
because they influence the timing of snow melt @€or& Paulsen, 2004; Linderholm, 2006). In
addition water availability, which is a factor redd with temperature, is also important in mountain
ecosystems. Water in the soil becomes availabler aftelting temperatures has been reached.
Afterwards, plants will be able to use water anttients present in the soil (Kimbat al, 2004).
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Growing season also varies between vegetation tgpdscan be a determinant factor of vegetation
distribution. In fact, evergreen vegetation havegler growing periods than deciduous (Griffisal,
2003). Vegetation distribution patterns could bekéid to biomass production, which is directly
related to the length of the growing period (Kiniketlal, 2004; Badeet al, 2008).

Consequently treeline characteristics and positan be explained by differences in biomass
production (Kimballet al, 2004). Species and life forms might be able teett® only above a
certain threshold of possible growing days. Theefethe timing and duration in which plants can
growth can be influencing the altitudinal distrilout of vegetation.

In the case of Rhododendron, shortly after winternsancy is suspended; the apical meristem
becomes active again and flowering takes place.ebdipg on the altitude the time of blooming
varied (de Milleville, 2002). After blooming, biores production begins and shoots grow for a whole
period, tree height increase and branches elorf@dtiedamani pers. comm.). Branches will elongate
until freezing temperatures return in fall and pdamecome dormant once more (Wilszral, 1987).

In conclusion, the process of the start and theaérile growth period is complex as it is influedce
by many ecological aspects of high mountain systdde to the harsh environmental conditions,
plants have developed many controls to regulatestaging and ending of the period for energy
investment on photosynthetic tissue. In turn, ttegulation has also determined many of the
characteristics of high mountain ecosystems, ssctha@ growth of the vegetation developing at the
treeline.

1.1.4. Application of satellite time series to the study of growth

Availability of satellite data offers new possibiis of studying the growing period of different
ecosystems at a landscape level. Satellite timessbave been used to analyzed the variation of
environmental parameters, and vegetation respansech variations, providing new information for
monitoring of high altitude ecosystems (Grateal, 2002; Pettorellet al, 2005). A good example of
such monitoring has been its application on thelystof possible effects of climate change on the
phenology of high mountain ecosystems (Karlstal, 2008).

Probably due to the interest in climate change otgaecently many studies have been done using
time series. These studies applied different seread algorithms in order to estimate growing seaso
parameters (Jonsson & Eklundh, 2002; Suaikal, 2003; Zhanget al, 2003; Kimballet al, 2004;
Delbartet al, 2005; Pettorelliet al, 2005; Yuet al, 2005; Becket al, 2006; Delbartet al, 2006;
Linderholm, 2006; Beclet al, 2007; Fisher & Mustard, 2007; Karlsem al, 2008). Most of the
research on phenological cycles is based on mamjteegetation change, such as the senescence and
vegetation green-up. These studies focus on theredisle effects of the growing period.

However, since growth is control by multiple factogrowth studies can also be performed by
analyzing variations of environmental factors, sashsnow permanence, and relating it to growth.
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Snow permanence will provide information possildeses of the observed growth, while the study of
vegetation change will give details on growth capsmces.

1.1.4.1. Snow Cover Permanence and the Normalized Difference Snow Index

In high mountain ecosystems and alpine regionsystaver determines many biological processes.
Snow permanence affects the length of the growtfogethe flowering timing and the process of
seedling establishment (Kérner, 2003). Species ositipn and vegetation distribution is also
influenced by the duration of snow cover, whictrakated directly to topography (Tappeiradral,
2001). Due to its influential effect on biologicélydrological and ecological processes, effort have
been invested on developing accurate ways for mapgiow cover and study its duration in the last
decade (Hall & Riggs, 2007).

Snow can be studied through satellite time seliesause of its intense contrasts with other natural
surfaces, except clouds (Gupta al, 2005). The reflectance of fresh snow is high, ibutaries
somewhat according to grain size, solar elevatimylea liquid water content, surface roughness etc.
(Hall et al, 2002) Clouds and snow can be distinguished frawheother, as clouds have high
reflectance in visible and NIR and snow decreasfleatance in shortwave infrared wavelengths
(Hall et al, 1998).

Snow mapping is based on the Normalized Diffeegrgnow Index (NDSI), which is an algorithm
that allows estimating how much snow is actuallgsgnt in a pixel. The NDSI is defined as the
difference of reflectance observed in a visibledyaaround 0.55um and short wave infrared (1.640
pum) divided by the sum of reflectance of both bah$10DIS this is defined as:

NDSI = ( band 4 - band 6)/ (band 4 + band 6) (8alRiggs, 2007).

To obtain the fraction of snow cover (FSC) in aghixegression equations were derived based on the
calculated NDSI and the snow cover present on Lang¥M+ (Salomonson & Appel, 2004). The
resulting FSC data set from MODIS based on regrassjjuations was released in 2006.

Significant progress has been made on the studpafv through remote sensing, but application of
snow mapping, remains quite limited especially areted areas. Even though snow can be
distinguished from other natural surfaces, in deftgest canopies its mapping becomes limited.
Normally snow does not stay in the tree canopies,td sublimation, for the whole winter(Delbatt

al.,, 2006). Snow from the ground will not be visilitem above, except with radar remote sensing.
As a result, dense forested areas will never beptately snow-covered (Ha#t al, 1998). Models
have been developed to correct for this in ordeoktain the percentage of snow cover in forested
areas.

These models are based on the fact that snow ghsrhieflectance in the visible wavelengths than
leaves and trees. Therefore when there is snoweflectance on the visible part will increased with

respect to the near infrared reflectance. As aamunence the NDVI values will drop. A combination

of NDVI and NDSI is used to improve the mappingsobw in dense forest (Hadt al, 1998; Hallet

al., 2002; Hall & Riggs, 2007).
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In conclusion, there are still many challengeshia mapping of snow in relation to forested areas.
However, time series of snow cover, does providenggresting indication on the variation of this
climatic parameter and an opportunity to study tetin growth response to this variation.

1.1.4.2. Growing season length and the Normalized Difference Vegetation Index

Vegetation indexes have been designed for the oramit of vegetation conditions. Nowadays, most
of the monitoring of large scale vegetation dynaniscbased on NDVI time series (Bestkal, 2007).

In many recent ecological studies, NDVI time sefese been successfully used to increase the
knowledge on direct and indirect effects of envmemtal change in vegetation (Pettorati al,
2005).

The NDVI is the most commonly used parameter iowgng season length studies, because it
provides a measurement of the vegetation statea(Cét al, 1991). Changes in NDVI datasets,
reflected seasonal changes in the greenness oktetation throughout the year, that can be related
to the start and end of the growing seasonégival, 2005).

The NDVI quantifies the contrast between the redi iafrared reflectance, by calculating the ratio of
the red and near-infrared surface reflectance:

NDVI=(pNIR - pRed)/ pNIR + pRed) (Tucker, 1979).

This is based on the concept that higher amountshtdrophyll and other pigments (which are
abundant on green vegetation) will absorb red tewtiawhile increasing canopy complexity will
scatter infrared radiation, therefore when vegeitsis greener NDVI value increases, varying from -1
to 1.

The study of vegetation phenology has been basatiffement NDVI datasets, which have different
spatial and temporal resolutions. Among this deta are:

i. Long-term National Oceanic and Atmospheric Adistimtion—Advanced Very High Resolution
Radiometer (NOAA AVHRR) time-series extends from819to the present (datasets include
PAL,GVI and GIMMS). Even though its low resolutig®&-16 km resolution) it has been used in a
high amount of studies (Cihlat al, 1991; Jonsson & Eklundh, 2004; Delbair@al, 2006).

ii. Short-term NDVI time-series includes the ModeraResolution Imaging Spectroradiometer
(MODIS-TERRA) data set (250-1000 m resolution) edieg from 2000 to the present, and the
Satellite Pour I'Observation de la Terre-Vegetati@POT-VGT) data (up to a few meters
resolution) extending from 1998 to the present.

Recently many studies have used MODIS-NDVI compssib determine the length of the growing
season (Zhangt al, 2003; Yuet al, 2005; Becket al, 2006; Becket al, 2007; Fisher & Mustard,
2007; Karlseret al, 2008). Most of them were done on larger areaBubpe and North America.
These studies applied field phenological obsermatito associate the NDVI to the sprout or the
senescence of the leaves and modelled the timesdérough different fitting functions to smootle th
NDVI data.
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As a final point, it is important to remark one liation of the application remote sensing to length
the growing season studies. This type of studiest miways be limited to establish a relation betwee
a species or a few species to a large area, whanhresult on biased association between many
species phenological events and the satellite(@afawartz, 1999).

1.2. Research Problem

Low temperatures have been studied as the mairamsjory variable of the growth variability
observed along the treeline. The effects of thelitimms associated to the growth variability presen
in treeline species such Bhododendromave rarely been investigated. Information is ilaglon the
spatial variability of these conditions that migiet influencing the dwarfing of trees.

There is increasing scientific interest on studyting treeline; mainly because of the possible &ffec
that climate change might have on this ecologicaligary. Among the possible effects is that change
in climatic conditions will affect the growth oféhspecies that developed along the treeline. Throug
the study of the length of the growing season dredsnow cover permanence, the conditions that
cause the growth variability the species that dmed along the treeline can be better understamd. S
the real possibility of changes in growth in hidtitade ecosystems could be contextualized.

Time series provide valuable information to perfasoch studies to improve the understanding of
growth along the treeline. The combination of fieldasurements of tree growth with remote sensing
data on snow cover permanence and vegetation clamgprovide important insights on the factors

that direct Rhododendron growth rates at highwalas. Up to now this type of the studies have been
not been performed.

1.3. Research Objectives

1.3.1. General Objective

The aim of this research is to study the spatiahbdity of the height and of the annual shootgén
of two Rhododendrorspecies and to investigate its relation with theation of snow cover and the
length of the growing season

1.3.2. Specific Objectives
The general objective will be achieved by the failog specific objectives:

1. To investigate the spatial variability of thenaal shoot growth of Rhododendron species due to
topographical variables (altitude and aspect).

2. To study snow permanence in the area and @tiorlto the annual shoot growth.

3. To study the length of the growing season ddrivem NDVI time series using different fitting
functions and its relation to annual shoot length.




IS THE GROWTH OF RHODODENDRON INFLUENCED BY DURATION OF SNOW COVER OFGROWING SEASON LENGTH?

1.4. Research Hypothesis

1- Ho There is no relation between tree height of rhedaddons and the altitude and aspect.
1- Ha: There is a relation between tree height of rhedaddons and the altitude and aspect.

2- Ho: There is no relation between annual shoot graxftinododendrons and the altitude and
aspect.
2- Ha: There is a relation between annual shoot growthadodendrons and the altitude and aspect.

3-Ho: There is no relation between the snow cover presara the annual shoot length of
rhododendrons.
3-Ha: There is a relation between the snow cover presemxk the annual shoot length of
rhododendrons.

4-Ho: There is no relation between the length of the gngweeason and the annual shoot length of
rhododendrons
4-Ha: There is a relation between the length of the gngwseason and the annual shoot length of
rhododendrons.

1.5. Research Questions
1. What is the relation between altitude and aspedtthe height dRhododendrospecies?

2. What is the relation between altitude and aspect the annual shoot length Rhododendron
species?

3. What is the relation between the amount of daige snow cover and the annual shoot length
growth ofRhododendroh

4. What is the relation between the annual shoowtr and the length of the growing season as
determined by the fitting functions?
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2. Methods and Materials

2.1.  Study area description

The study area comprehends an altitudinal grad@emtd in the vicinity of Tengboche (27° 50° N, 86
46" E ), in the Imja River Valley in the Sagarmatiational Park, in the Khumbu Himal region
(Fig 2). This area was chosen for two main reasbhes first reason is because it has large extassio
of rhododendron forests. Secondly, the area offerpossibility to observe the transition from sken
forest to more shrubby life forms as the altituderéases, hence it captures the treeline boundary.
The treeline in this area is located at aprox. 38G&| (Sakai & Malla, 1981; Schickhoff, 2005)
although other author’s report it at 3800 masl (2ofez, 1976) in (Schickhoff, 2005) .

Rhododendron campanulatuamd R. campylocarpunare the two mairRhododendroriree species
found in the area, whilR. anthopogons the main shrub-like specie. Other tree spettiasare also
found in forested areas at this elevationsBetula utilis Abies spectabilisand Juniperus recurva
on south facing slopes .
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Fig. 2.1konos image (2003 431) subset of the study area showing thesetééments, Sagarmatha National
Park, Solu Khumbu region.
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The mean annual precipitation is 1032 riffmamost of the precipitation occurs during monsoon
season from June to September. The coldest moe#empis a mean annual temperature of -3.8° C,
while the warmest month mean annual temperatudetiSC (Schickhoff, 2005).

In this area, south facing slopes are exposedeariftuence of the monsoon while the north facing
slopes will present more arid conditions due toEiban effect (Sakai & Malla, 1981; Miehe, 1989;
Schickhoff, 2005). In addition south facing slopeseive higher irradiation in spring, fall and vént
and therefore less duration of snow cover (Miel®89).

2.2.  Species description

In this research two characteristic Himalayan Riuethalron species were sampled:

Rhododendron campanulatubh Don: is a small tree, that can reach up to 6emdtut its normal
height is between 1 to 5 m (Mingyuan Fagigal, 2004a). This specie is characterized by its bell-
shaped flower. It grows from 2800- 4400 masl, its mean altitude3700 (de Milleville, 2002;
Vetaas, 2002). It can forms dense, pure forestrat@800 masl and can also be found in combination
with R. campylocarpum In very steep areas, these trees tend to prodwareches parallel to the
ground (de Milleville, 2002). It is one of the fespecies Rhododendron that also grows in the dentra
and West Himalaya (Vetaas, 2002).

R. campylocarpunHook. f.:is a small tree, that develop up to 4 m tall. tvgs in scattered forests
or shrubberies, between 3300 to 3900 masl (de Wlike 2002) . It presents pubescence on the
adaxial leaf and on the petioles, which are iggdostic characteristic (Mingyuan Fagigal, 2004Db).

2.3. Field data collection

2.3.1. Sampling methodology

In the study area, four transects were done. Tares#écts covered an altitudinal gradient from 3060 t
4050 masl. Along each transect, areas of aprox.X2@00 m which its main vegetation component
was Rhododendronforests were identified. In these areas, 20 X 2(plots were established.
Following the altitudinal gradient, plots were ddished every 50 meter in altitude. However due to
the difficult topography, in some cases this walspassible, so samples were taken in the neatest si
where the 50 meter difference was reached.

A total of 34 plots were made in the field. Thetatpwere established with the purpose to take some
of the measurements (see below collected datajheageal sampling unit in this case was the
individual tree. In each of these plots 1 to 4ivittlial trees from the above mentioned species were
randomly selected.

10
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2.3.2. Collected data

For every plot the following data was described:

a. Location: the location was recorded by a GP8ivec at the center of the plot.

b. Altitude: altitude was estimated at the censéngian altimeter.

c. Slope percentage was calculated using a clirmmagthe center of the plot.

d. Aspect: the aspect of the plot was describeditgtive. Based on the position of the sun, slopes
were categorized as north, north-west, west etdnda This classification was later verified as the
points were plotted on the map.

e. Main vegetation type: by visual inspection, aegal description of the main vegetation observed i
the plot was done. The percentage of the Rimdodendrorspp. of interest and other tree spp.
observed inside the plot was recorded.

Besides the above mentioned data, information engtowth of the trees was collected. First, tree
height was estimated, using the height of one efrisearchers as reference. Even though the lack of
precision of this method, it was use for practreasons.

Second, data on annual shoot growth or annual dbngth (ASL) was recorded as follows. In total,
56 trees oR. campanulatunand 17 trees dR. campylocarpunwvere sampled. In each tree from 1 to
4 branches were measured. The branches were sefaterding to the four main directions. It was
not possible to always sample branches in all tbrections due to the slope, but in the majority of
the trees we managed.

On each branch the annual shoot length was meastinedannual shoot length was defined as the
distance (cm) from the scar left by the whorl afles produced in the apical meristem of one year to
the next scar left by the whorl of leaves produdieel following year (Fig 3). Since leaves are
produced each growing season, it is possible tocés® the annual shoot length with a particular
year. This study assumes that the annual shoothleagresents the growth of a consecutive growing
period, before the meristem become dormant again.

As this study was undertaken in late summer 20@8ahnual shoot length from 2007 backwards was
recorded. A metal measuring tape which has a meamnt error of 0.5 mm was used to measure the
annual shoot length. A total of 158 branchesRoicampanulatunwere measured and 56 branches
for R. campylocarpum

It was possible to measure the annual shoot lefiogthO years in many of the branches, after that th
scars were not visible anymore. Since the availsalellite data starts in 2001, only data from 201
2007 was used for the rest of the analysis.

In addition to the annual shoot length, the nundfdsranches produced in each shoot was counted.
The number of branches varied from 0 to 4 per n8itece older shoots could have the same amount
of branches as younger ones, no define patternolyssrved in the number of branches per shoot.
Therefore no posterior analysis was done with th& @n the number of branches. However it is

important to mention because it might be usefupfosterior studies on the subject.

11
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Fig. 3. Example of annual shoot length measuremeRt ibampanulatum

2.4. Data Analysis

2.4.1. Analysis within plants

Since the growth of a branch could possibly beuigriiced by its exposition towards the sun and this
could bias the posterior analysis, first the effgicthe exposition within the tree on the annuaah
length was analyzed. An ANOVA on annual shoot ter{gormalized per individual tree, to remove
differences between trees) was performed, to coenjfathere was a significant effect of the
exposition on the length of the shoots RarcampanulatunOnly R. campanulaturmdividuals which
have measurements of annual shoot length on thienfain directions were used in this analysis. The
ANOVA revealed that there is no significant difface in the mean annual shoot length from the year
2001 to 2007 between the four main directions & i s 106)= 0.556, p=0.646).
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Fig. 4. Normalized mean annual shoot length (from 2001-2003-by aspect fdR.campanulatum

It was concluded that the exposition of the bradichnot significantly influence the annual shoot
growth. Hence the data for each plant could beameeand the averaged annual shoot length per plant
was used for the rest of the analysis.

2.4.2. Analysis spatial variability of growth in Rhododendron

In this study measurements of tree height and drsiaent length were used as surrogates of growth
of rhododendron species at the treeline. The viitiain the growth of rhododendron trees and the
topographical variables altitude and aspect weatyaad as follows.

First, to analyze the relation with the aspect dhly data folR. campanulatumvas used, because it
was the only species collected on sufficient sitéh different aspects. An ANOVA was applied to
test for: a. differences in tree height betweereetspand b. differences in mean annual shoot length
per tree between aspects. For proper interpretafiohe data collection it should be noted that tmos
of the plants were recorded on north, east and feestg slopes, with fewer samples from south
facing slopes, werBhododendronvas rare.

13
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Second, linear regression analysis were done tahtegelation between the altitude and a. Heafht
R. campanulatumandR. campylocarpunb. Each year annual shoot length of both speameisthe
altitude.

A two sample t-test was applied to the slopes abthiin the linear regression analysis, to analyze
whether the reduction in growth rates with thetadte differed between the two species. The slopes
obtained from regressing height, mean annual sleogth and each year annual shoot length vrs the
altitude were tested.

All this analysis provided an indication of the 8phvariability of growth based on height and the
annual shoot length and the influence that altitadé slope have on the growth of RRieododendron
species.

2.4.3. Snow permanence and annual shoot length

To understand the relation that snow cover permamenuld have on the growth Bhododendron
species time series on snow cover were used. Ténesswere chosen because weather stations of the
area do not record information on snow permanemncaow depth. The following MODIS product
was used for the analysis.

2.4.3.1. MOD10AL1: Fractional Snow Cover Daily Tile

MOD10A1 is part of MODIS/Terra snow products. Ishglobal coverage and daily spatial resolution.
Its processing level is 3. Each tile is a 1200 krh200 km scene with a spatial resolution of 500 m.
This product consists of four scientific data §8&BS) : snow cover, snow albdedo, fractional snow
cover (FSC) and Quality Assessment (QA) data,fadhem in compressed Hierarchical Data Format-
Earth Observing System (HDF-EOS) format and in sal projection (Halet al, 2002; Hall &
Riggs, 2007).

The FSC refers to the percentage of snow preseatpixel, therefore it provides more information
than the snow cover data set, which just tellbéfe is snow present in a pixel or not. It is a 136
released with collection 5 in December 2006 (Riggal, 2006). According to (Hall & Riggs, 2007),
snow cover products daily tile have an average racguof 93%, (validated stage 2), which means
that data is ready to use for scientific purposas;e its accuracy has been assessed through wide
distribution of ground truth locations for a lorigné period. A summary of the data quality of the
pixels used in the analysis is given in Appendix B.

2.4.3.2. Snow dataset processing and determination of snow permanence

MOD10A1 images FSC dataset for the period of 1 dgnuntil the 31 May, and from 1 October
until the 31 December from 2001 to 2007, tile 25«¢ollection 5 were used (Hall, 2006, updated
daily.). This images were subset to the study,ameyarojected to Geographic Coordinates WGS84,

14
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and resample by the nearest neighbour method; g ubie Modis Reprojection Tool (MRT tool)
(Dwyer & Schmidt, 2006; NASA, 2009).

The subsetting was done using the following coatdis: UL: 27.86, 86.76; UR: 27.86, 86.79;
LL: 27.82,86.76 and LR: 27.82, 86.79. After themges were into the proper coordinate system, the
extraction of the pixel values where the sampletsoivere located was performed. Value extraction
was done using Envi 4.5 + IDL.

A total of 240 days per year for 5 pixels where faenples where located was analyzed for snow
cover (pixel coordinates are given in Appendix W)the FSC dataset there were many days reported
as No data (values 250,255) (Hall, 2006, updatdg.lieherefore the calculations where made based
on the percentage of reported days. An ANOVA wased test if the number of reported days
differs significantly between years. The amountagorted days did not differ significantly between
pixels of different years (fa 30= 0.736, p = 0.574). However, year 2004 and 2085hdve higher
incidence of no data days, which could be affectiegresults.

Afterwards, the data was categorized into two setglays with an FSC >10% (wide-ranging snow

cover percentage) and b. FSC > 50% (high snow qoeerentage). The percentage of reported days
with more than 10 % (wide-ranging) and 50 % (higbwg cover) was determined. The reason behind
this division was to study the possible effect thigher levels of snow cover (FSC > 50%) might have

on the annual shoot length.

The average altitude per pixel was calculated asedl o study if there was a trend in the amount of
snow cover observed in each year. The averageddtiivas based on 10 meter resolution DEM, 20
random points were extracted from each pixel ardntiean of the obtained values was calculated.
Also the average annual shoot length of the sanfiplesd in each pixel was calculated.

To test for differences in the FSC between theyy@NOVAs were used. A regression analysis was
done between the mean annual shoot length of thplea present in each pixel and the percentage of
reported days in which FSC was more than 10% aneé than 50 %.

2.4.4. Growing season length and annual shoot length

To study how the length of the annual shoots whse® to the growing season, first the duration of
the growing season was modelled. NDVI 16-day corit@dsiages were process and use as input for
the TIMESAT 2.3 program (Jonsson & Eklundh, 20@4)ich was use to estimate the growing season
length.

2.4.4.1. MOD13Q1: Normalized Vegetation Index 16-day composite
MOD13Q1 is part of MODIS/Terra land products (Huetel., 2002). It has a global coverage and it

has been processed to level 3. Each tile is a kBOX 1200 km scene with a spatial resolution of
250 m. This product consists of twelve scientifatad sets including a pixel reliability layer and a

15
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Quality Assessment (QA) data, all of them compreéd$BF-EOS format and in sinusoidal projection
(USGS, 2008).

The 16-day composites are made by the Maximum V&ampositing Technique, in which the
observation closest to the nadir, that is clou@ fed has the highest NDVI value for a predefined
period is selected to represent the whole pericalbgh, 1986). In this way the increasing effect on
the NDVI due to measures taken in oblique anglediminated. Also the images are corrected for
molecular scattering, aerosols and ozone absormioth are masked for cloud-shadows, clouds and
water (Vermoteet al, 2002).

2.4.4.2. NDVI dataset processing and determination of the growing season

Images from MOD13Q1 data collection 5, tile h25g6yering the period from 2001 to 2008 where
used. Images were subset to the following coordmatiL: 27.86, 86.7; UR: 27.86, 86.79;
LL: 27.82, 86.76 and LR: 27.82, 86.79. The insagédere reprojected to geographic coordinates
WGS84 and resample by nearest neighbour methodg tseé MRT tool (Dwyer & Schmidt, 2006;
NASA, 2009).

The growing season was determined for eleven pidgtgpendix D), which correspond to sample
points forR.campanulatumusing TIMESAT 2.3 software package. TIMESAT iset of programs
designed to analyze satellite data time series.e3atimage is one of these programs, which fits
functions to the time-series based on images idstédext files. It uses three different least sgua
methods to fit the curves and to extract seasoashrpeters out of the time series (Jonsson &
Eklundh, 2002; Jénsson & Eklundh, 2004). These othinclude a Savitzky Golay filter type, which
is a local polynomial function, Asymmetric-Gaussl &ouble-Logistic method.

Timesatimage was run in MATLAB R2008a. In orderrtm it, each year should have the same
number of images. Some years, 2002 and 2006, didoresented a complete set of 23 images.
Therefore the missing values were replaced by teeigus or image, in the case that only one image
was missing, or by the previous and posterior imag@o images were missing. Appendix C gives
detailed information on the missing data. Even ¢fiouhat might lead to some error in the
determination of the growing season length, it wasetter option than to decrease the number of
observations per year, in order to get the samébruwf images, which will reduce the available data
considerably.

In addition, pixel reliability data set was usedcteeck for pixel quality. Data classified as noefus
pixels were identified for each year, most of timet these pixels correspond with monsoon season.
Test runs were made with the complete time-serniglsvéth time-series without the non-useful data.
However eliminating unreliable data from the timeriss produced unrealistic results. Since
TIMESAT programs pre-processed the data to remaxtbecs (values that are consider extremely
different from the surrounding values), and nonfuisgata was classified as outlier by the program,
was decided to use the complete time series fanduranalysis. Detailed information on data quality
is given in (Appendix E, F &G)
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The subset and reprojected images were convertdéi@ttdinary files, using Envi 4.5 software to
generate the input files. The following input paedens where used to process the time series:

a. Data Valid range (minimum and maximum valuehef data to be process): -10000, +10000

b. Data cut offs or spikes (value above which tsgn weight will be 0): 1.5

c. Number of seasons: 1

d. Number of fitting steps: 3

e. Strength of adaptation: 2

f. Processing methods: a. Savistzky Golay (SGh window sizes with a value of 4, 5, 6 for each
fitting step b. Assymmetric Gauss (AG) c. Doubleayistic (DL)

g. Percentage of decrease of the seasonal amp{thidgparameter defines the threshold for starting
and ending the growing season): 25

To test if the growing season length, estimatedhaythree fitting methods differs, between years
ANOVA analysis were done. Finally, to determine #ssociation between the IND and the growing
season length, as determined by the three fittiethaus, linear regression analyses were applied.

2.4.5. Annual Shoot Length Growth Model

Several general linear models to estimate the dnshbaot length ofR. campanulatumwere
constructed by combining altitude, annual shoafs, dhe interaction between age and altitude with a
FSC>10 b. FSC> 50 c. growing season length by S@aling season length by AG e. growing
season length by DL. The model that explained thesbbserved annual shoot length was chosen. In
addition the correlation between the above mentiariables and the altitude was calculated to
understand the degree of dependence between svewws altitude and growing season vs. altitude.

17
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3. Results

3.1. Analysis of the spatial variability of growth

3.1.1. Sample description

R. campylocarpunsamples were obtained in a smaller distributiorgea from aprox.3850-
3950 masl, whileR. campanulatuntrees were sampled from 3750 - 4050 masl. Fighd@ws the
median values for both species by the age of thetshAlthough there is variability in the sampdes
shown in Fig.5, in most of the cases younger shpmsent smaller annual shoot length than older
ones, for both species.

16 | 16

12— — 12|

Fig. 5. Median annual shoot length by shoot age of the sampled rhododémdr®aR. campanulatum
b) R. campylocarpum
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3.1.2. Influence of aspect in growth

The aspect is related to the amount of radiatiahithreceived by the vegetation. Therefore thghtei
and the annual shoot length were analyzed accotdilitg The data was grouped into the four main
directions, considering north as 0 °degrees. Thezalifferences in the tree height depending on the
slope (ks 7.237, p= 0.001 Higher trees were found on north facing slopeisilermthe shortest
trees where located in east facing slopes (Fig).6.

The analysis of the mean annual shoot length ferytrars (2001-2007) revealed a different pattern.
Trees located in west facing slopes presented dhgebt mean annual shoot length, while trees
growing in the east had the shortest annual sleowth (Fig. 6b), (Bs2= 8.51, p= 0.000).

N N

(a) (b)

Fig. 6. Average height (a) and annual shoot length (b), accorditigetslope aspect.

3.1.3. Relation between altitude and height

In both species the tree height decreases astth&lalincreases (fdR campanulatunf ;.33 = 9.58,
p=0.004; forR.campylocarpunt (5= 131.40, p=0.00) (Table 1, Fig .7) . However theofitthe
relation was much better f&. campylocarpum(R® =0. 89) than foiR. campanulatunfR’= 0.20).
This reduction in height occurred over a shortatise (around 300 meter altitude differenceRor
campanulatunand 100 meter fdR.campylocarmpum
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Table 1. Regression diagnostics describing the relation éetviree height and altitude for

Rhododendrorspp.
Specie B Coeff SE Intercept SE F  Df Dfres P
R. lat
campanuialim 50 0011 0003 4589 1420 851 32 1 0.006
R.campylocarpum 0.89 -0.045 0.004 177.08 15.16 1314 15 1  p<0.001
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Fig. 7 Relation between tree height and altitude folRagampanulatunin=33) (b)R. campylocarpurtn=17)

3.1.4.

A significant negative relation between annual shewogth and altitude was found for both species.

Relation between altitude and annual shoot length

Fig.8 shows the mean annual shoot length for y2@04 to 2007, for both species. Approximately,
45% of the variation observed in the annual shexgth is related to the altitude in both cases
(R. campanulatumRP= 0.46 , F(y s~ 47.166, p= 0.000R. campylocarpum R= 0.45 F;; 15=

14.16, p= 0.002).
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Fig. 8. Relation between annual shoot length and altitud@jd®. campanulatunin=56)
(b) R. campylocarpun{n=17)

In all the years studied (2001 to 2007), as elewaticreases there is a decrease in the annua shoo

length. Table 2 and 3 present the regression cosfis for each species.

Table 2 Regression diagnostics describing the relation eetvaltitude and annual shoot length by
year forR. campanulatupfor the years 2001 to 2007, and maanual shoot lengtfor 2001-2007.

Year R®  Coeff. SE  Intercept SE F Dfres Df P
2007 046 0020 0003 8203 1105 4842 1 54 0.00
2006  0.43 -0.019 0003  80.38 1150 4291 1 54 0.00
2005 022 -0.014 0004 6157 1370 1680 1 54 0.00
2004 037 -0.019 0003 7817 1253 3340 1 54 0.00
2003  0.32 -0.019 0004  79.76  13.94 2785 1 54 0.00
2002 025 -0.017 0004  71.93 1495 1920 1 54 0.00
2001 042 -0.021 0003 8805 1274 4083 1 54 0.00
Mean o6 0018 0003 7741 1041  46.46 1 54 0.00

ASL
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Table 3.Regression diagnostics describing the relation éetvaltitude andnnual shoot lengthy year
for R. campylocarpunfor the years 2001 to 2007, amthual shoot lengtfor 2001-2007.

Year R? Coeff SE Intercept  SE F Dfreg. Dfres. P

2007 0.51 -0.048 0.011 192.08 44,58 17.38 1 15 10.00
2006 0.25 -0.035 0.014 144.70 54.65 6.36 1 15 0.023
2005 0.46 -0.045 0.012 181.72 45.45 14.60 1 15 20.00
2004 0.49 -0.044 0.011 181.22 42.67 16.40 1 15 10.00
2003 0.51 -0.041 0.010 167.29 38.03 17.45 1 15 10.00
2002 0.32 -0.057 0.019 231.58 75.36 8.65 1 15 0.010
2001 0.25 -0.041 0.017 170.19 64.41 6.21 1 15 0.025
Mean

ASL 0.45 -0.044 0.0112 181.25 45,98 14.16 1 15 0.002

3.1.5. Difference in growth rate for Rhododendron species

The rate of decrease in height is significantlfedgnt between the species (Table 4). Comparison of
the reduction in annual shoot length with altitudevealed that annual shoot length
campylocarpumreduced more rapidly with elevation th& campanulatumR. campylocarpum
reduces 4.5 cm whil®. campanulatunmeduces only 1.1 cm in tree size for every metgn gn

A similar response is observed for egelir's shoot length, except for 2006 and 2001

elevation.
(Tableb).

Table 4. T-test results for the difference in reductioner&t height due to altitude for the two
Rhododendrospecies.

Table 5.T-test results for the difference in reduction rate in ansivabt length due to altitude for the two

Variable

t

df

P to/2: 0.05, 48

Height

6.01

48

0.0

1.68

Rhododendromspecies.

Variable T df P tw2, 0.05, 65

Mean ASL 2.10 65 0.03 1.67
ASL 2007 2.46 65 0.01 1.67
ASL 2006 1.12 65 0.26 1.67
ASL 2005 2.45 65 0.01 1.67
ASL 2004 2.19 65 0.03 1.67
ASL 2003 2.04 65 0.04 1.67
ASL 2002 2.06 65 0.04 1.67
ASL 2001 1.16 65 0.25 1.67
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3.2. Analysis of snow cover permanence and annual shoot length

Snow cover varied between years (Fig 9), both ®€#10% and FSC>50% §ks=34.04, p = 0.00).
Fig. 9, shows that there is fluctuation between ytbars, 2007 presented the maximum amount of
snow, while 2001 had little snow. Visual comparisainthe median annual shoot length per year
(Fig.5) and the variability of snow cover betweesass does not revealed any pattern. While the size
of the shoots tends to decrease from 2001 to Z0@%y cover oscillates between years.

In most of the years at higher altitudes there @ersnow cover, however in some years there is
slightly more snow cover at 3750 meters than abdrigltitudes (Fig. 10). This might be due to the
fact, that the estimated elevation is an approxonadf the average altitude per pixel. Therefore,
variability in altitude could be masked, if withthe same pixel there are low areas and high peaks.
The spatial resolution of the images, is probabhting the variability that can be observed in the
altitude.

18

16

14

FSC %
©

—— FSC>10
2 —%— FSC>50

0
2000 2001 2002 2003 2004 2005 2006 2007 2008

Year

Fig. 9.Mean fractional (+SE) snow cover per year
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Fig. 10.Year to year variation in the number of days (percentdgeported days) in which FSC was more than
10% (a) and 50% (b), according to the average altitedpigel.

No association was found between the number of déngsr FSC was above 10% and 50% and the
length of the shoots (Fig.11). The analysis betwie number of days in which snow was reported
to be more than 10% and the shoots revealed nifisag relation (R=0.032, (E3370.465,

p= 0.155). A similar result was obtained when analyzing tlenber of days in which snow cover
was high, FSC >50% @R0.057, Ru, 33= 3.059, p=0.090). The p-values are in both cakese to the
critical value ofa= 0.05. Formally this would lead to failure of refiag the null hypothesis and to
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conclude that there is no evidence that snow cmfates to annual shoot growth. Given the small
sample size, the chance of type | error is higher&fore we draw the above conclusion with
reservations and suggest that further researchaniginger sample size covering a broader altitddina
range should be considered.
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Fig. 11.Relation between the annual shoot length and the FSR frampanulatuma) Percentage of reported
days with FSC >10% b) Percentage of reported with F=i%6; (n=35)

3.3.  Analysis of growing season length and annual shoot length

The growing season length analysis was done by mgld 1 pixels whereR.campanulatunplants
where sampled. Fig.12 present an example of thmufite obtained with the three fitting methods for
a pixel (row 5 column 11).
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Fig. 12.Example of the three smooth methods for the pixel a) $gv@olay b)Assymetric Gausian
c¢) Double Logistic
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The estimation of the growing season length diffgnificantly between years (SGik=5.19,
p<0.001, AG: ks 70=2.55, p=0.02, DL: [707=2.77, p=0.018). The three smoothing methods
predicted the a shortest growing season in 2002804 as the longest (Fig.13).
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Fig. 13.Mean growing season length per year (+SE) estimated $gwvitsky Golay b) Assymetric Gausian c)
Double Logistic, fitting methods
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From the obtained data, it appears that there mvarestimation of length, because in some cases th
length of the growing period was predicted to b® 8@ys (Fig 13). However, since there are no
ground truth measurements, such as budburst, ttened values could not be validated. The
flowering of the rhododendrons at these altitudegi around April or May, sometime after the
growing season has started; and it is estimateldstobetween 6-9 months (de Milleville, 2002).
Unfortunately, there is no detailed information ds spatial variability, since this is just an

approximate for the whole altitudinal gradient dodseveral species.

No significant relation was found between the darabf the growing season and the annual shoot
length irrespective of the function used to smabthNDVI time series (Fig.14) (SGZR0.0 F s
0.017 p= 0.897: AG: R0, F (175=0.49, p=0.48; DL: R 0.0, Fy7s= 0.104, p=0.747).
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Fig. 14. Relation between the annual shoot length and growing séasgth as determined by the three fitting

functions a) Savitsky Golay b) Assymetric Gausian ad)id® Logistic (n=77)
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3.4. Annual Shoot Length Growth Model

A GLM was build to evaluate the effect of the eomimental variables on IND &. campanulatum.
The effect of snow cover, length of growing periatfitude, shoot’s age, and the interaction between
altitude and age was estimated through stepwisessign. Only altitude and age were significant
variables for predicting the size of the shoots:

ASL=71.10-0.017ALT+ 0.30 AGE R 0.37, n=392, {z3807113.33, p <0.001)

Although the Ris low, the t values for the altitude and age wegh and highly significant
(tage 6.08, p<0.001q¢= -13.77, p<0.001).

Duration of snow cover and growing season varieth wititude (Tranquillini, 1964).When these
variables depend on altitude, its effect might hegen taken along in the model indirectly. Table 6
revealed that correlation coefficients were lovinaltgh all the variables were significantly corretht
As the variables are partly dependent on altititdesffect, although small, is considered in thedeio
indirectly.

Table 6.Correlation coefficients between altitude and swower and growing season length

Variable p t P
Snowl10 0.23 461 p<0.001
Snow50 0.16 3.26 0.001
Days SG 0.095 1.88 0.06
Days AG 0.24 501 p<0.001
Days DL 0.21 4.38 p<0.001

The application of the model to the different sf®aiges is shown in Fig.15. The model predicts a
proportional decrease, the younger nodes, the prodfuced in 2007, present the smallest annual
shoot length at all altitudes. As shown in Fig. d&different altitudes the decrease in annual tshob
the same age is approximately 1.7 cm for everymi@ter gain in elevation fdR. campanulatum.
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I I I
3,700 3,800 3,900 4,000 4,100

Altitude (masl)

0

Fig. 15.Annual shoot length faR. campanulaturat different ages plot by altitude as predicted by the model
(Plot function Y=71+0.03 *AGE (1-7)-0.017*X), each line reprgsehe change in annual shoot length at
different altitudes and at different ages. The lowektesacorrespond to 1 year old annual shoots and the highest

to 7 year old shoots.
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4. Discussion

This research was initiated with the idea to inigedé the relation between two complementary
environmental factors, snow and growing seasortheragnd the growth of twRhododendrospecies
along the treeline. It was expected that the leogtine annual shoots would be related to the y@ar
year variability of snow cover permanence which agsumed would also affect the length of the
growing season. We failed to reject these two hytiotheses, probably because the sample size was
very small and covered a very small altitudinaldigat which makes it difficult to detect the
variability associated with the studied environnagfectors.

However, insights on the growth Bhododendrorspecies, in relation to the aspect and altitudewe
gained. An interesting result was the high degredependence between the length of the annual
shoots and the altitude, as well as between tleehegght and the altitude. Our data, made it pbssib
to estimate the rate to which rhododendron branelnestrees were reducing in the East Himalayan
treeline. To our knowledge this has not been repldbefore.

The following paragraphs describe the obtainedli®sund the possible explanations in more detail.
Beginning with the observed spatial variability dmdlizing with the analysis of the derived model.

4.1.  Spatial variability of growth

This research demonstrated that there is spatigbitity in the growth of twdRhododendromspecies
that is associated to aspect and altitude. In #se of the aspect, both height and mean annuat shoo
length of R. campanulatunshowed differences between the aspects of the witere plants were
growing (Table 1, Fig. 6.). Taller trees wheredi@dl facing north, while north and west facing stbop
had longer annual shoots than south and east fatopgs.

The aspect plays an important role in determinimgne the rhododendrons grow. In Nepal, most of
the species that developed in forested areas prefmth-east facing slopes (Shakya, 1999).
According to Schickhoff (2005), in the Himalayaerth facing slopes present more favourable
topoclimatic conditions for the development of vegien than south facing slopes. Due to high
irradiation received on south facing slopes, evapon and drought stress is high, which limits
vegetation growth.

Several authors have studied how high amounts difitian affect high altitude vegetation. In an
studied done by Cramer (1997) in (Schickhoff, 20@bnsiderable differences in radiation intensity
were found. He reported that on a clear winter stayth facing slopes more radiation (1000 $vm
than north-facing slopes (77 imSimilarly Bader & Ruijten (2008), studied radéat and aspect in
the Ecuadorian Andes. They concluded that the higlount of radiation received in east-facing
slopes could cause photoinhibition, which in tuifleets growth.

Therefore, the observed pattern, shorter annuadtsho south and east facing slopes, could be a
consequence of high amounts of radiation inhibigmgwth. Probably the north and west aspects,
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receive a balance amount of radiation, allowingdbeelopment of rhododendron forest with longer
annual shoots. However the result could be affebtethe sample amount which was less in south
and east facing slopes, sirfikBododendroifiorest were found mainly in north and west slopes.

Aspect is not the only factor influencing the growin this research it was demonstrated that tisere
a relation between the altitude and the growthhaf annul shoots foR. campanulatunand R.
campylocarpum(Fig 7 & 8, Table 2 & 3). At lower elevations tla@nual shoot length tends to be
longer in both species and trees are significaatlgr, as well.

This reduction in the length of the annual shoaig @ the tree height occurred over a short
altitudinal range. Tree height reduced 3 meter avatifference in elevation of 300 meter. The
reduction is accompanied by morphological changesered in the field, trees become more
branched and their central stems become more o with increasing elevation (Tranquillini,
1964).

Therefore if trees are decreasing in height (Fjgaid shoots are shortening with elevation (Fig 8),
and this pattern is observed in all the years studiable 2 & 3), it is an indication that altitute
influencing the shoot growth rate Bf campanulaturandR. campylocarpuicausing the observed
tree dwarfing.

However altitudeper se does not influence the shoot growth rate. Emwitental factors related to
altitude might account, at least partly, for theiafaility observed in annual shoot growth and heigh
These environmental factors associated to theuditil gradient should be influencing the plants
growth internal control mechanisms. A combinatidriactors such as air temperature, soil moisture
and amount of solar radiation could trigger thesreontrol mechanisms of growth. Further research
on these aspects is required on the study areaswss the sources of variability observed in the
relation between annual shoot length and altitude.

The response in height and annual shoot lengtlet@ion differed between the two species (Table 4
& 5). R. campylocarpunpresented a stronger reduction in height and ansh@bt length tharr.
campanulatum. This fact might explain the lower upper distribat of R. campylocarpun{3900
masl) compared to 4400 m f&. campanulatunand is reflected on the distribution range of the
species.

It seems thaR. campanulatunwhich present a wider distribution range and aeloweduction on
annual shoot’s growth rate, is able to develop @aéarger set of growth conditions associated with
altitude. R. campylocarpumwhich is constrainted to a 200 meter distributiange, response more
dramatically to the changing environmental circuanses. So both species reduce their growth rate in
order to be able to cope with the harsh environmantR. campylocarpurapparently has adaptation
mechanisms that limit the species to occur ovenalsr altitudinal range.

The observed relation between growth of the Rlmdodendrorspp. altitude and slope could be
explained by the interaction between tree morphobogd microclimate. According to Kérner (1998),
the morphological changes associated to the teelould be due to a threshold temperature under
which tissue growth and differentiation could raite place.
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The life form-tree is coupled tightly to the enviment (Wieser, 2007). It cannot store warmth in the
topsoil during the night, because trees experiemoadective cooling. This maintains the root zone,
under the tree canopy cold. This cooling inhiltlits production of tissue during a substantial pért
the year and during most of the nights. Trees ceyfgerienced longer periods of inhibition of tissue
production as altitude increases because low spipératures become more common and therefore
trees turn out to be smaller (Kérner, 1998; Kdi&dtoch, 2006).

Trees also might regulate allocation of resouraesaiway that will be the most beneficial for
conserving heat. Physiological mechanisms, sudmpasl control (Wilson, 2000; Suzuki & Suzuki,
2009), could play a role on producing a tree-aechiire that maximizes the conservation of heat in
the top soil and therefore enhance tissue productio apical control, elongation of the nodes is
determined by the position of the apical meristennelation to the central stem of the tree and the
position of the branch, so in this way the treetarihe growth rates of annual shoots.

In conclusion, there is a high degree of complexiiythe interactions between topography,
microclimate, tree morphology and physiology. THeserved reduction in tree height and annual
shoot length irRhododendrorspecies could be consequence of such interactibowever further
investigation, e.g. root zone and air temperatueasurements, will be needed to assess the response
of this parameters on the growth of these species.

4.2. Snow cover permanence and annual shoot length

No relation was observed between the annual sleogth and the fractional snow cover (Fig. 11)
even though there is variation between the yeatekearamount of snow (Fig. 9) Can it be concluded
that snow cover permanence is not a determinatdrfan the growth oRhododendrorspecies at the
treeline?

Several authors have reported that snow is notardmant factor controlling growth in relation Wit
mechanical damage (Koérner, 1998). Normally, highuale plants have cold hardiness higher than the
actual environmental demand (Sakai & Malla, 198Ied&r & Tausz, 2007). Sakai &Malla (1981)
reported forR. campylocarpunmand R.campanulatuma freezing resistence of -30°C and -35°C,
respectively for leaf bud. This temperature is miosker than the average winter temperatures of the
study area.

Obviously, this adaptation allows the plants torowene winter without tissue damage. However,

tissue damage can occur when sporadic episodeghofflost during the growing period take place,

which are more common in the tropics, because iimgedamage could occur at any time of the year
(Korner, 2003). Since the study area is subtrdpit#s possible that tissue damage is not such an
important factor for the growth of rhododendronsice the species present high winter hardiness.
However the effect of sporadic frost is unknown.

In addition is possible that the size of the anraleots will not be affected by snow presencelat al
Even though there is less snow in a year (Fig.9) therefore longer growing season, the annual
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shoots will not elongate more than a definite anboumnorder to maintain certain tree architecta®,
explained before. As a result the size of the ahsboot will be in a higher degree a consequefice o
physiological or genetically determined mechanifimas a result of snow presence.

Besides the ecological responses or physiologiaatofs that could explained why there is no
association between snow and annual growth letigehjmited variability owing to spatial resolution
of MODIS data should be analyzed. The study asemmountainous terrain with sharp slopes. As a
consequence, the same pixel could cover a widkidiltial range and different slope aspect. Snow
variability associated to higher elevations is nelskecause at the end the information extract from
each pixel is a generalization of a large arrapltfudes and slopes. This is support by the patte
present in the snow curves variation accordingverage altitude of each pixel (Fig.10), in which
some lower altitudes present more snow cover thareshigher altitudes.

Another factor that is influencing the result ane difficulties associated to the mapping of snaw i
evergreen forests (Kimbadt al, 2004; Beclet al, 2005; Aultet al, 2006; Delbartt al, 2006). Even
though the FSC is validated to stage 2 and the nsages were classified as good quality (Appendix
B), evergreen forests limit the quantification abw. Since vegetation gets in between what ithmn
observed on the ground, snow is hard to detect.

To conclude, there are limiting factors that makdifficult to really evaluate the effect of snow o
the growth oRhododendronThe results presented here do provide insighth@mehaviour of snow

in the area and the interaction with growth. Howefather research is needed on specific responses
such as the response of vegetation to sporadit émsodes. Moreover detailed mapping of snow
patterns and snow depth of the study area during jeeriods will be required to assess the effect of
the snow on the growth of the annual shoots of sheddrons.

4.3. Growing season length and annual shoot length

The size of the annual shoots did not presemteafirespond to the growing season as determined by
the NDVI 16 day composites and the three smootlimgtions (Fig.14). Even though there was
significant variation between the lengths of thevgng season in each year (Fig. 13), longer annual
shoots did not relate to with predicted longer grmgnseasons. Several aspects might be influencing
the obtained relation between growing season leaigththe annual shoot length.

The first aspect that might be affecting the ressilthat the three functions determined growing

season lengths that are overestimated. Accordimtg tdlilleville (2002) the growing season in these

areas should be between 6 to 8 months (around 88@l2ys). In some cases, the calculated growing
season length more than 300 days, but as showmgiil3; most of the years the growing season
length lasted more or less 250 days.

It is difficult to calculate the magnitude of thisverestimation, since there is no reference in the
literature (to our knowledge) specific for the ateacompare these results with. However, in general
one of the problems with satellite-based phenohligstudies is that for evergreen vegetation is
difficult to determine the onset and the end of ¢fnewing period because the leaves are always
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present and snow does not stay on the canopy (F&Hdustard, 2007). Consequently there is a
tendency to overestimate the growing season length.

Nevertheless, TIMESAT have been used successfuliyjddel time series and nowadays it is been
used to produce new phenological products baseM©DIS (Tanet al, 2007). In this sense, the
application of this software should produce rekabésults. To improve the results obtained with
TIMESAT for high latitude forests many authors hamplied algorithms to account for the snow
effects on the NDVI determination (Jonsson & Eklapn@002; Zhanget al, 2003; Delbartet al,
2005; Yuet al, 2005; Becket al, 2006; Delbaret al, 2006; Fisher & Mustard, 2007; Karlsehal,
2008). In this case, such algorithms were not adptiue to the small sample size; certainly the
estimate of the growing season length could be ongat if such algorithms were used in a larger
area.

A third aspect that should be addressed is thécdif§ of associating low spatial resolution images
with field data. Many studies recognized the liiita for relating ground-based to satellite-based
observations due to scale incompatibilities (Schayar999; Fisher & Mustard, 2007; Sirgueyal,
2009). Single tree based observations are supposepresent the behaviour of the whole forest as i
captured by the satellite. This is extremely difft in landscapes with high variability cause by
topography, such as the Himalayas. At the endhitjle spatial resolution of MODIS pixels smoothed
the local variability, that can be cause the mitine&tes or sharp topography as the one presehein t
Rhododendromspecies.

Finally, it is out of the scope of this study toabyze the variability in growing season length doe
the different fitting functions (Fig.12). Severaithors have applied different algorithms to theedse
functions obtaining different degrees of accurddgwever, it is probable that the double logistic
function gave the best approximate to the growiegsen length, because it has been used for
coniferous forests and mixed forests in northefituides.

4.4, Annual Shoot Growth Model

After analyzing the spatial variability showed By campanulatualong the treeline altitudinal
gradient and studying the possible relation to eéhgironmental factors, snow cover and length of
growing season, several GLM models were built. Fedinthe models, only the age of the shoots and
the altitude presented significant effects (Fig.1Byen though the chosen GLM does not gave a very
high percentage of the explained variation in AS¥* €0.36), the t-values are extremely low,
especially for the altitude. There are two possiinlerces of error that explain the relatively lotv R

The first source of error is the measurement ofattneual shoots. The scar of the leaves is distibut
over a small area, so variability is introducedtlo@ measurements depending on where the reading,
somewhat subjective, was taken. Besides, therésdsiastrument error deriving from the use of a
metric tape which has an uncertainty of 0. 5 mm.

A second source of error, that is probably quit@artant, is the one deriving from the age of the
branches and the plants. It has been reportethats control the size of their branches depending
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on the distance to the main stem (Wilson, 2000)s FBort of control known as apical control, will
produce longer nodes are closer to the main stachtfeerefore older) and will start decreasing aesi
as they grow away from the main stem. Plants hheset mechanisms as a way to control tree
architecture. The observed small distance in youagaual shoots than in older ones is possible
related to this system (Fig 5). The tree architectwill vary depending on the age of the tree,
therefore the respond in the growth will be diffardepending on the age.

5. Limitations of the study

1. In order to assess in a more conclusive way fffeeteof the aspect in the height and annual shoot
length it is necessary to sample in more areagddcia the south and east slopes. The data obtain
here could only provide an indication of the patte®ystematic data collection on slopes facing the
four directions, at different altitudes is necegsar deeply evaluate the spatial variation of girowt
associated to the aspect.

2. Images spatial resolution was an important limgitiactor. The field data was clustered in very few
pixels, which affected the strength of the statatitests and lead to errors related to non
representative samples. It was not possible to kanmp a larger area, mainly because of the
difficulties associated with the topography. Thempling scheme used in this study should be
improve in future works. A larger altitudinal gradi should be sample to better access the
differences in snow and growing season length. IGiheas along the East Himalaya Mountain Range
will need to be included. Previous identificatioh tbe MODIS pixels using vegetation maps for
selecting the sampling sites is also recommendedvener, it is difficult to improve the design
applied here, because at end all these mountaas areed to be reach by foot, which limits the
possibility of data collection.

Even though the coarse resolution of MODIS timéeserit represented the best way to study the
growth record based on annual shoot length, ingeihtemporal and spatial resolution, and cost. The
use of time-series allowed to explore the fact treath year could be associated to an annual shoot
length and therefore to a specific image.

3. The impossibility of determining the branch arektage affected the results. There is variabiity
the annual shoot length owing to the age of the tideally, the sampling design should determire th
age of the trees and included trees of differeasag every altitude belt. It is very difficult &@cess
the age of trees, tree ring analysis will be thg twedo it. The problem with tree ring analysistttiee
rings inRhododendrorare quite conspicuous and could only be countedrliable manner using a
microscope (Prof. M. Suzuki, pers.comm.). Sincestiuely area was a National Park, it was not allow
to take vegetative material out of it.

4. The study was based on the reliability of thelipaassessment information layer provided with the
MODIS products (Appendix B, E &F). It was out ofetlscope of this work, to investigate how to
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improve the results by analyzing the pixel qualBgsically because the limited data was associated
to specific pixels and it make no sense to setmctiiodelling other pixels with better quality.

The research was more focus on the applicatiohede data to solve ecological questions. MODIS
time series represented the best available choideytto answer such questions. Eventhough its
limitations, the use of MODIS time series FSC ardMi 16 day composite were the only approach
that allowed to relate the year to year informatmtained from the annual shoots length with
satellite-data.

Even though, it must be emphasize that the FSCugtod a new product, which has only been
validated to stage 2. This means that it has oagniproof sufficient under a limited amount of area
mainly in North America. It is expected that itlvelso be accurate in other parts of the world.

5. The lack ofin situ climatological data on snow presence and snowhdeiot not allowed to cross
validate the information obtained from the FSC MSroducts. In addition FSC is limited to snow
presence, it does not include information on snaptld. Differences in snow depth could be an
important factor affecting growth in high mount&icosystems.

6. There are inherent limitations on the determoraif the growing season in evergreen forest as
discussed above. The aggregation of different atiget types in the same pixel is another source of
error. Although samples were taken in more or kssiogeneous Rhododendron stands, there is
variability due to the presence of other species.

6. Conclusions and Recommendations

This study was a first attempt to investigate logatiability patterns on the growth of two
Rhododendronspecies, which are the dominant vegetation growahghe treeline in the East
Himalayas. It aimed to provide insights on theetagjon dynamics in this ecotone.

The spatial variability of growth fdR. campanulaturandR. campylocarpumas analyzed by height
and annual shoot length, was demonstrated. The &ne@ annual shoots measured decreased in size
and length as altitude increases. No relation wasd between the snow cover and growing season
length and the annual shoot lengthRofcampanulatumAs a result annual shoot length, altitude and
shoot's age were the most significant explanatarnyables.

Spatial resolution is probably limiting the obtaineesult. As time—series with higher spatial
resolution become freely available, similar studiesld be done, and more conclusive evidence could
be generated that support or decline the possiidgion between the observed variability in growth
and its relation with snow cover or growing seasomth.
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6.1. Conclusions

1. A significant decreased in height and annual shermgth as altitude increases was identified for
both rhododendron species. The rate of this dsere@as higher foR. campylocarpunthan for
R.campanulatumThis might be view as a niche-based responsédstalso an indication that in order
to developed in harsh conditions present in thelitre in the East Himalayas the tree-form should
have a certain morphology.

2. Spatial variability in growth was also associatedhe aspect. Trees growing in east facing slopes
presented significantly shorter annual shoot leribin the ones growing in north and west facing
slopes.

3. For the area analyzed, snow cover differs sigaifily between years. However, the annual shoot
length ofR. campanulaturas not associated to the amount of days in wisisbw cover was more
than 10% or more than 50%.

4. The length of the annual shoots did not respanth¢ length of the growing season. Growing
season length varied significantly between yeamsafl the functions used to smooth the NDVI time
series. Analysis of the growing season length togrewith altitude did not improve the model.

5. The lack of relation between environmental paransetind annual shoot length suggest that
physiological mechanisms control the size of braschnd tree height. Furthermore, phenotypic
response of tree architecture should have a limaade. Even though the conditions for growth at th

treeline might be more favourable in some years thaothers, trespassing that limit might result

disadvantage for high altitude vegetation.

6. The observed growth pattern of the tRbododendrorspecies and the lack of relation between it
and the snow cover and the duration of the groveiegson suggest that even though changes in
climatic conditions occurred, treeline vegetatias la broad tolerance range to manage those changes.
It seems that the growth of the annual shoot vatllve altered due to low incidence of snow or lenge
growing periods, because of control mechanismsa Assult it is complex to assess the impact that
climate change might have on the growth evergreedadendron forests at the treeline.

6.2. Recommendations

1. The relationship between annual shoot lengthyaad to year temperature variability still remains
to be investigated. This will requine situ measurements combined with satellite data. Though,
satellite data for temperature time series, widg@nt the same or even greater limitation of spatia
resolution as the one encountered in this studih®FSC and NDVI.

2. It is also necessary to study the magnitude ofettgosure to radiation to further understand the
effect of aspect over the morphological changehef tegetation at the treeline. Research on the
radiation received by the plants at different attés combine with temperature data could broaden th
understanding of the East Himalayan treeline.
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3. Information on winter hardiness combined with dethmapping of snow patterns and snow depth
in the area, will be the most comprehensive wayrdlyzing the effect of snow presence on the
annual shoot length. Satellite data is limitednoogerall evaluation of the amount of snow present
the area at a certain moment, but since the araabi®ken terrain, snow can last longer on certain
patches. The effect of this long lasting snow pascbn vegetation could only be studied usimgitu
snow data.

4. The relation between Ecosystem’s Net Primary Retidity and annual shoot length is another

interested possibility to explore. The estimatidntiee integrated NDVI for growing season to

estimate the NPP, has been shown to relate bettdretannual growth in ecosystems. Therefore it
could be expected that the length of the annualt&hoespond to it.

5. The growing season length could be predicted mazeigely by applying an algorithm such as the
winter NDVI. This algorithm has given successfuulkes in coniferous forest in the temperate areas.
this could provide a better estimate of the daythefgrowing period, and therefore a more realistic
result.
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Appendix

Appendix A. Coordinates of the central point in each of the modelled
pixels of MOD10A1

Pixel Latitude Longitude

1 27.8331741 86.767511
27.8340422 86.7717393
27.8375704 86.7729714
27.8433387 86.7812039
27.8437308 86.7849001

g b~ WDN
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Appendix B. Summary of non quality data by pixel and by year for
MOD10A1l

Percentage of images with Quality assesstment salassified as non quality (values = 1, 253 or
255) for each year in FSC series 2001-2007 .

%

14

12

10

BPixell
DOPixel2
BPixel3
BPixel4

D Pixel5

2001 2002 2003 2004 2005 2006 2007

Year
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Appendix C. Available NDVI 16 composite per year, and replacement of
missing composites

Composite %

Year available by Missing Replacement
Composite* Composite *
year
2001 100 - -
2002 70 49 33
65 81
161 145
177 145
193 225
209 225
241 257
2003 100
2004 100
2005 100
2006 20 305 289
321 289
337 353
2007 23
2008 96 353 337

*Composite number is in Julian date.

Appendix D Coordinates of the central point in each of the modelled

pixels of MOD13Q1

Pixel Latitude  Longitude
1 27.8447079 86.7822528
2 27.8447079 86.7800877
3 27.8423496 86.7844951
4 27.8422336 86.7800877
5 27.8396046 86.7739793
6 27.8370288 86.7732363
7 27.8373768 86.7700612
8 27.8350716 86.7728492
9 27.8349846 86.7705658
10 27.8350281 86.7672602
11 27.8323098 86.7731971
12 27.8321793 86.7712834
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Appendix E. Summary of Pixel Reliability of MOD 13Q1 for each modelled pixel

Percentage of images with Pixel Reliability valaksssified as useful (values = 0 and 1) or non
reliable (values 2, 3 or 255) for each analyzedlpn the NDVI time series 2001-2008 (MOD13Q1)

® Useful * Nonreliable

12 12.50

11 15.22

10 11.96
9 11.41
8 11.96
7 10.87
6 9.78
4 12.50
3 11.41
2 9.78
1 8.70
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Appendix F. Summary of Pixel Reliability for each year in the time series
MOD13Q1

Percentage of images with Pixel Reliability valatsssified as useful (values = 0 and 1) or non
reliable (values 2, 3 or 255) for each year mmMDVI time series 2001-2008 (MOD13Q1) .

2001

2002

2003

2004

2005

2006

2007

2008

ENon reliable = Useful
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Appendix G. Example of assignment of weight and outlier identification
by Timesatimage

Open circles represents initial weight assignméeiach value in the time series

time-series with weights position 5 12
10000 I~ | | | | | 1

8000
6000

4000

2000

sensor data

-2000 | g

- 40(x) | L L L L | L L L
20 40 60 80 100 120 140 160 180

time

The red cross represent values determined asroutliee time series, no weight is assigned toghes
values.

time-series with median filtered values position 5 12
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